Abstract: A geostatistical approach was used to study temporal structures in a time series of discharge and electrical conductivity (EC) in 15 karst springs from the Zagros mountain range, Iran. Two types of temporal behaviors, a periodic structure and nugget effect, plus one or two temporal structures, were identified and interpreted. These correspond to characteristics of karst systems, such as the catchment area, percent of conduit flow, and general degree of karst development. Springs were grouped into three categories based on their ranges (e.g., residence time) obtained by variogram analysis. The first group of springs include those that present the same temporal behaviour in variograms of discharge and EC. These springs are characterized by generally constant EC with increasing discharge suggesting the existence of a large underground reservoir. The second group of springs are those with varying temporal periodic behavior in variograms of discharge and EC. Positive correlation between discharge and EC values is the main characteristic of these springs and is interpreted to result from a piston-flow system in poorly developed karst aquifers. The third group of springs includes those that exhibit different temporal behaviors when compared with the periodic and non-periodic variograms. This group exhibits a negative correlation in scatterplots of discharge versus EC values suggesting a well-developed solution-conduit system that facilitates rapid response of the karst system to precipitation events. This study's results document the role of variogram analysis in delineating temporal structures of spring behaviors by means of time series of discharge and EC. Variogram analysis can be considered as a valuable tool for hydrogeological investigations in karstic terranes.
INTRODUCTION
Karst groundwater is a major water resource in many regions of some countries such as China, Turkey, Iran, the United States, etc. Karstic-carbonate formations cover about 11% of the land area in Iran (185,000 km 2 ) and 55% of the Zagros Region (Raeisi, 2004) . Carbonate rocks become karstic aquifers by dissolution processes, typically referred to as karstification. Karstification creates a significant heterogeneity of the permeability within the aquifer. Karst development processes and several methods intended to characterize karst systems have been extensively presented in Palmer (2007) , Ford and Williams (2007) , Bakalowicz (2005) , White (1988) , Gillieson (1996) , Mangin (1994) , and Milanović (1981) .
The hydrogeological study of karst aquifers is particularly difficult because of the complex and heterogeneous character of the karstic massif and the limited number of available wells that permit hydrogeological observation (Padilla and Pulido-Bosch, 1995; Panagopoulos and Lambrakis, 2006; . As a result, studies on the function and hydrodynamic behaviour of karst aquifers are focused on the analysis of the characteristics of karst springs. Two commonly measured parameters are discharge and electrical conductivity (EC) that are often presented as a time series. These parameters are widely used by karst researchers because these parameters provide reliable results regarding karst-aquifer characteristics and are relatively easy and inexpensive to collect, especially in less developed area such as the Zagros Region in Iran. Timeseries variations of physico-chemical parameters of springs have been used by many authors for assessing hydrogeochemical aspects of karst aquifers (e.g., Hess and White, 1988; Scanlon and Thraikill, 1987; Raeisi and Karami, 1997; Lopez-Chicano et al., 2001; Desmarais and Rojstaczer, 2002; Karimi et al., 2005a; . Generally, these authors focused on temporal variations of discharge and chemical parameters caused by a heavy precipitation event in terms of internal and external factors involving the karst system studied. Many authors (e.g., Mangin, 1984; Moore, 1992; Padilla and Pulido-Bosch, 1995; Larocque et al., 1998; Kovacs et al., 2005; and Manga, 1999) applied correlation and spectral analysis on the time series of springs to extract further information about time lag, periodicity, and residence time.
Variogram analyses are extensively used in hydrology (e.g., Bacchi and Kottegoda, 1995; Holawe and Dutter, 1999; Berne et al., 2004; Kyriakidis et al., 2004; and Buytaert et al., 2006) , but its contribution to a time series of physico-chemical parameters of springs is rare (e.g., Rouhani and Wackernagel, 1990; Goovaerts et al., 1993; Kolovos et al., 2004; and Silliman et al., 2007) . Rouhani and Wackernagel (1990) applied variogram analysis to monthly piezometric data at 16 observation wells in a basin south of Paris, France. Two temporal structures were determined by the variogram analysis, including the 12-month seasonal and the 12-year climatic cycles. Multivariate geostatistical analysis was applied to spring-watersolute contents measured in 86 springs situated in Belgium by Goovarets et al. (1993) .
In this study, we use variogram analyses to evaluate the time-series data of discharge and EC measurements obtained from 15 springs located in the Zagros Region of southern Iran (Fig. 1) . The study is aimed at improving our understanding of the temporal dynamics of the karst system in the area. The objectives of this study, with the expectation that a better understanding of karstic aquifers may be obtained, are (1) determination of the temporal structures in the time series of discharge and EC, (2) exploration of new information on the characteristics of the karst systems, and (3) evaluation of the potential of variogram analysis for studying karst development.
GEOLOGICAL AND HYDROGEOLOGICAL SETTINGS
The Zagros Region is located in south-west Iran. The climate is semi-arid in the uplands and arid in the lowlands (south of Iran). Precipitation exhibits large spatial and temporal variability with a mean annual precipitation in the Zagros region of about 450 mm, with a range of 150 to 750 mm. Runoff is an aggregation of several hydrological river basins that discharge to the Persian Gulf. The high elevation areas of the Zagros Region are the zones where the rivers originate; the main rivers flowing in the Zagros region are Karoun River, Dae River, Karkhe River, Hele River, Mond River and Zohre River. Karoun River is the Zagros' most important river with the highest amount of flow and many tributaries in upstream sub-watersheds, the largest of which is the Dez River. Karoun River is a major source of water for 4.5 million inhabitants in the south of Iran (KWPA, 2009) .
Iran is geologically a part of the Alpine-Himalayan orogenic belt. The Zagros mountain range extends from the northwest to southeast of Iran and consists of three NW-SE trending parallel zones ( Fig. 1): (1) the Urumieh-Dokhtar Magmatic Assemblage (UDMA); (2) the Sanandaj-Sirjan Metamorphic Belt (SSMB); and (3) the Zagros Fold and Thrust Belt (ZFTB). The ZFTB is the study area of this paper. Table 1 for a description of map symbols of depicted geological units.
The stratigraphy and structural framework of the ZFTB were studied in detail by James and Wynd (1965) , Stocklin and Setudehnia (1977) and Alavi (2004 Alavi ( , 2007 . The ZFTB is about 12-km thick and consists mainly of limestone, marl, gypsum, sandstone and conglomerate. Since the Miocene age, it has been folded into a series of huge anticlines and synclines. Most of the carbonate rock outcrops are of Cretaceous and Tertiary age. The most important karst features in the ZFTB are karren, grikes, and springs, and to a lesser extent, caves and sinkholes. Most of the springs are permanent with a high percentage of spring discharge from base flow. The ZFTB is characterized by a repetition of long and regular anticlinal and synclinal folds. The anticlines normally form mountain ridges of limestone and the synclines normally form valleys and plains. Most of the karst formations in the ZFTB are sandwiched between two impermeable formations that form broad highland independent aquifers (Raeisi, 2004; Raeisi and Laumanns, 2003) . Several anticlines from different parts of the ZFTB were selected for this study. Simplified geological maps of these anticlines are presented in Figure 1 and a description of the geological units in Table 1 .
SEVERAL ANTICLINES IN THE ALVAND RIVER BASIN
The Alvand river basin comprises seven main anticlines (Karimi, 2003) , five of which are considered in this study, and include the Saravan, Emam-Hasan, Bunkhoshkeh, Patagh, and Rijab anticlines (Fig. 1) . These anticlines are located ,150 km west of the Kermanshah located in the south-western part of Iran (Fig. 1) , follow a northwestsoutheast trend, and are mainly composed of the Asmari limestone. The geologic formations in this area are, from youngest to oldest: 1) recent alluvium; 2) Gachsaran gypsum and marl; 3) Asmari dolomite and limestone; and 4) Pabdeh-Gurpi marl and shale with interbedded, thin marly limestone (Fig. 1) . The core of the anticlines is composed of the Asmari formation and is situated between the impermeable upper Gachsaran and lower PabdehGurpi formations (Karimi et al., 2005b) . The dense and thick bedded Asmari limestone in the anticlines has numerous joints and fractures with limited solution features and small shelter caves (Karimi et al. 2005b ). Generally, the southern flanks are hydraulically disconnected in most parts of the anticlines (Karimi, 2003) , except in the plunge areas. Groundwater from the above aquifers discharge from seven main springs including Gilan (S1), Golin (S2), Sarabgarm (S3), Marab (S4), Piran (S5), Gharabolagh (S6) and Rijab (S7) Springs ( Fig. 1 and Table 2 ). There is no hydraulic connection between these springs except the Marab (S4), Piran (S5) and Gharabolagh (S6) which emerge from Patagh Anticline. However, the catchment areas of the springs were mapped without any overlap in their areas (Karimi, 2003) .
THE BARM-FIROOZ AND GAR ANTICLINES
The Barm-Firooz and Gar Anticlines are located 80 km northwest of Shiraz on a general northwest trend of the Zagros mountain range. The cores of the anticlines are comprised of the calcareous Sarvak formation, which is overlain by impermeable Pabdeh-Gurpi formations (Fig. 1) . The most important tectonic feature in this area is a northwest trending thrust fault (Fig. 1) . Groundwater from the Sarvak aquifer discharges mainly from Sheshpir (S8), Berghan (S9), Morikosh (S10), and Tangkelagari (S11) Springs (Fig. 1) . The most important karst features in the catchment area of Sheshpir Spring (S8) is the presence of 255 sinkholes (Raeisi and Karami, 1997) . Several normal faults and one thrust fault have resulted in an extensive brecciated zone in the catchment area of Berghan Spring (S9). No sinkholes or caves are present in the catchment area of Berghan Spring (S9). It seems that karst is developed as a network of interconnected small fissures and pores (Raeisi and Karami, 1997) and with minimal karstification. No hydraulic connection between the catchment area of Sheshpir spring (S8) and three other springs has been reported.
THE RIG ANTICLINE
The Rig anticline is located in Southern Iran near the city of Lordegan. The main formations in this area are the Gachsaran (Miocene), Asmari (Oligocene-Miocene), and Pbdeh-Gurpi (Paleocene-Oligocene) Formations (Fig. 1) . Rig Anticline is a box fold that mainly consists of the karstic Asmari Formation (Keshavarz, 2003) . Numerous joint sets are observed in the Asmari Formation. There appears to be no concentrated recharge points, such as sinkholes or sinking streams, in this aquifer. The Atashgah Spring (S12), having a mean discharge rate of about 900 L s 21 , is the largest spring originating from the Rig Anticline ( Fig. 1) . Two other large springs, Shosh (S13) and Enakak (S14) Springs, emerge from the Rig anticline ( Fig. 1) .
THE PODENOW ANTICLINE
The Podenow anticline is located south of Shiraz, Iran. The geological formations in decreasing order of age consist of the Bangestan group (lower Palaeocene), Pabdeh-Gurpi (Palaeocene-Oligocene), Asmari (Oligocene-Miocene), Transition zone and Razak (Lower Miocene), as shown in Figure 1 . The core of the Podenow anticline is composed of the limestone Asmari Formation which is sandwiched between the two impermeable Pabdeh-Gurpi (marl, shale and marly limestone) and Razak (silty marl to silty limestone with interbedded layers of gypsum) Formations (Fig. 1 ). This anticline is divided into eastern, central, and western parts based on the orientations of the anticline. The eastern and western sections follow the general northwestern trend of the Zagros mountain range (Karimi et al., 2005a) . The largest spring on the southern flank is Ghomp Spring (S15 in Fig. 1 ).
MATERIALS AND METHODS

DATA COLLECTION
Electrical conductivity and discharge measurements from the 15 springs from the Zagros mountain range were used for this study. Sampling intervals and sampling periods for each spring are presented in Table 2 . Electrical conductivity was measured by a portable ELE EC-meter in the field immediately after sampling. Spring discharge was measured by current-meter or triangular weir related to spring discharge and field conditions. Hydrogeological characteristics of the studied springs are presented in Table 3 .
DATA ANALYSIS
Exploratory data analysis and variogram analysis were used for database analyses. Use of multiple data analyses techniques provides greater insight into the information contained in a database (Farnham et al., 2000; Silliman et al., 2007) .
Exploratory-Data Analysis
Exploratory data analysis is a purely descriptive part of the study that allows for a good preliminary assessment of the collected data (Isaaks and Srivastava, 1989) . There is no single statistical tool as powerful as a plot of the data (Chambers et al., 1983) . The distribution of continuous variables can be depicted by a histogram with the range of data values discretized into a specific number of classes of equal width and the relative proportion of data within each class (e.g., frequency) by the height of bars (Goovaerts, 1997) . Important features of a distribution are its central tendency and measure of its spread and symmetry. The relationship between pairs of variables can be depicted in a scatterplot, which is the simplest and probably most informative method for comparing data pairs (Deutsch and Journel, 1992) . The correlation coefficient is mostly used as a measure of bivariate relationships. Here, exploratory data analyses include histograms and probability plots of the discharge and EC data series for each spring and relationships among pairs of discharge and EC data as scatterplots. The data plots were developed using Statistica Software, Release 6 (StatSoft, 2001).
Variogram Analysis
The variogram approach is extensively used in geological and environmental sciences to assess the characteristics of spatially or temporarily distributed data (e.g., Isaaks and Srivastava, 1989; Goovaerts, 1997; Webster and Oliver, 2001) . The variogram measures the spatial and/or temporal behavior of a variable of interest (Deutsch and Journel, 1992) . It is easy to interpret the time axis as the location coordinate in the variogram analysis (Holawe and Dutter, 1999) . Many papers in various disciplines have been published using variogram methods for different regionalized variables at different time scales of interest (e.g., Holawe and Dutter, 1999; Berne et al., 2004; Buytaert et al., 2006) . Variogram modeling and analysis was accomplished using the program, VESPAR (Minasny et al., 2005) .
Assuming the studied time series of observations is a realization of a random function Z, so that z(t), t 5 1,2,3,…,m, where z(t) refers to observed values of discharge or EC at time t and m is the length of sampling period. Given two times, t and t + h inside the period of temporal attribute z(t), the experimental variogram is a measure of one half the mean square error produced by assigning the value z(t + h) to the value z(t), as follow:
where N(h) is the number of pairs of observations for a time separation, h. The shape of semivariograms is quantified by the behavior of the variogram at the origin (nugget effect), range, and sill.
The nugget effect is a measure of the variability of a variable within small time lengths. Normally the nugget effect is seen as a consequence of the limited number of observations with arbitrarily small time periods (Holawe and Dutter, 1999) . Smaller nugget values translate into higher values of influence of small time lags. Therefore, nugget values can be interpreted as altering variables that can play a special role in a simulation model (Holawe and Dutter, 1999) . The range, in the case of time dependence, is a measure related to the length of influence of a variable (Holawe and Dutter, 1999) . The sill is a value of the covariance that becomes zero when the variogram reaches a constant value. This total sill is equal to the basic variance of the variable. Therefore, the sill is an indicator for the variance in the data field and, in the case of a time series, a measure of the temporal variability.
In order to describe the variogram structure, it is necessary to fit a model to the experimental variogram. The permissible models are presented by Isaaks and Srivastava (1989) . The goodness of fit of different models can be 
RESULTS
The scatterplots of discharge versus EC and their distributions are shown in Figure 2 . Most of the histograms were positively skewed, indicating the presence of large data values for both discharge and EC occurred with low frequency. All histograms were fitted to a lognormal distribution. The descriptive statistics of discharge and EC values for the springs are shown in Table 4 .
The correlation among the discharge and EC variables for each spring is shown in Figure 2 . Discharge and EC values are positively correlated in Gilan (S1), Sarabgarm (S3), Morikosh (S10), Tangkelagari (S11), and Enakak (S14) Springs, but only partly in Golin (S2), Piran (S5), and Gharabolagh (S6) Springs (Fig. 2) . Negative correlation between discharge and EC values is evident for Marab (S4), Rijab (S7), Berghan (S9), Atashgah (S12), Shosh (S13), Ghomp (S15) Springs, but less so in Sheshpir Spring (S8). The strong negative correlation between discharge and EC may be interpreted as an indication of a freshwater recharge signal during the rainy season, which yields a considerable volume of low-EC water. The somewhat constant EC versus discharge values for Piran (S5) and Table 5 . The value of fitting criteria in modeling of periodic variograms after removing the periodicity (the best models are presented by bold numbers). Sheshpir (S8) Springs could be caused by (1) a large underground lake that supplies most of the spring discharge water, but also has the capability of damping EC values, or (2) a small or non-rapid recharge component. Alternatively, the generally positive correlation between discharge and EC values may suggest a piston-flow regime in a less developed karst aquifer, which forces water from temporary detention out into a solution conduit for transit to spring outlets during high-flow periods as a result of rising head in the aquifer. In addition, higher mineralized water may be stored in the epikarst, which may contain soluble formations.
Spring
VARIOGRAM TEMPORAL STRUCTURES
The experimental variograms were computed for discharge-and EC-time series data for all springs. Temporal behaviors of springs in terms of variograms is different for discharge-and EC-time series. Two temporal structures are evident in variograms: (1) a periodic behavior and (2) a nugget effect with one or two scales of temporal structures.
Periodicity
Several variograms seem to fluctuate periodically so it is necessary to describe them with a periodic function. One usually observes a variety of temporal periodicities, such as periodic seasonal or annual cycles. The simplest such function is a sine wave (Webster and Oliver, 2001 )
where W, v and w are the amplitude, length of wave, and phase shift, respectively. The variograms of the discharge and EC values indicate two cyclical trends (Fig. 3) . The relative impacts of these cycles may vary from spring to spring, as well as from discharge to EC values. For example, Figure 3 clearly illustrates that the Rijab (S7), Morikosh (S10), and Tangkelagari (S11) Springs have much stronger seasonal components (i.e., effects) than do the Sarabgarm (S3), Sheshpir (S8) and Ghomp (S15) Springs. Discharge variograms display a periodic structure in the Sarabgarm (S3), Rijab (S7), Morikosh (S10), Tangkelagari (S11), and Shosh (S13) Springs while the Marab (S4), Rijab (S7), Sheshpir (S8), Morikosh(S10), and Tangkelagai (S11) Springs reflect periodic processes in EC variograms. Variograms for discharge and EC depict periodicity wavelengths for the springs that range from less than 100 days for Enakak Spring (S14) to more than 316 days for Sarabgarm Spring (S3) and from 82 days in Enakak Spring (S14) to more than 300 days in Sheshpir Spring (S8). These differences may be a result of the catchment areas of the springs. because of the small distance between the outlet and the hindmost point in the catchment area.
To remove the periodicity and explore the short temporal structures, we use a partial series of discharge and EC values for the springs. These partial series include measured discharge and EC values during a single cyclical period, only. The variograms of these partial time series are shown in Figure 3 , and the performance of the different simulation models for temporal behavior of the variograms are presented in Table 5 . The variogram parameters (i.e., nugget effect, range(s), and sill(s)) are listed in Table 6 based on the selected best models. The range (A1 in Table 6 ) varies from 10 days for Shosh Spring (S13) to 114 days for Marab Spring (S4) and from 9 days for Enakak Spring (S14) to 107 days for Sarabgarm Spring (S3), according to variograms of discharge and EC values, respectively. The range depicts a time length (i.e., discharge and/or EC) with minimum correlation. Therefore, it seems that the contribution of a flow component (e.g., conduit(s) or matrix porosity) gradually increases during the range time scale (A1) and its effect disappears in spring water.
Nugget Effect and Temporal Structures
Several of the variograms have a small nugget effect and show one or two scales of temporal structures (Fig. 4) . The performance of permissible models are evaluated based on performance indexes (Table 7 ). The best model for simulating temporal behaviors of experimental variograms are then selected (Table 6 ). The nugget effect is well pronounced for Golin Spring (S2), Piran Spring (S5), and Gharabolagh (S6) Spring (Fig. 4) , and this behavior may be caused by (1) measurement error and/or (2) microvariability (e.g., variability at a scale smaller than the sampling resolution (Kitanidis, 1997) ).
Two ranges with different time scales were obtained during the modeling procedure. One and two temporal structures are observed for Gilan Spring (S1), Golin Spring (S2), Berghan Spring (S9), and Tangkelagari Spring (S11), and for Atashgah Spring (S12) and Sheshpir Spring (S8), respectively (Fig. 4) . The different temporal behaviors (i.e., the shape of variograms) are likely caused by different karst systems or subsystems within the aquifers.
Short range variations (A 1 ) occur from 17 days at Berghan Spring (S9) to 268 days at Atashgah Spring (S12) and from 28 days at Berghan Spring (S9) to 110 days at Atashgah Spring (S12) for variograms of discharge and EC, respectively. Range A 1 could be evaluated as an indicator of the length of time that spring water is dominantly supplied by a part of the karst system that contains well-developed solution conduits. The short range length of time is proposed as a measure of residence time for water stored in large solution conduits as being more important for water movement than for water storage. Long range time values (A2) are estimated to exceed 220 days (Table 6 ). It would seem that the entire karst system is responsive to A 2 . Range A 2 may be regarded as a measure of water residence time in the fissured matrix. Temporal values of discharge and EC are uncorrelated after the A 2 time period, suggesting that the contribution of the entire karst system diminishes after this time period. The results of previous studies on residence time of some springs (Karimi, 2003) confirm our findings.
DISCUSSION
Variations in discharge and EC in the studied springs is complex and exhibit varying temporal behaviors. The exploratory data analysis presents the information in a compact format as the first step for determining temporal structure. Plots of the obtained range (A1) according to variogram analysis versus catchment areas, percent of discharge quick flow (% Q), and ratio of maximum discharge to minimum discharge (Q max /Q min ) are presented in Figure 5 . From Figure 5 , it is apparent that springs with small catchment areas have shorter ranges (i.e., residence time) than those springs with larger catchment areas. The higher values of range (A1) are observed in springs that are characterized by lower percentages of quick flow, as well as the ratio of maximum discharge to minimum discharge (Q max /Q min ) (Fig. 5) .
The discharge and EC variograms provide different ranges (i.e., residence time) for each spring. Differences between the ranges might be a result of influence of the behavior of the karst system that supplies spring water. Differences between the two ranges obtained, based on variograms of discharge and EC for the springs, vary from seven days in Piran Spring (S5) to 158 days in Atashgah Spring (S12) ( Table 8 ). The springs could be classified into three groups based on the percent of difference between the ranges (Table 8) : Group 1 springs are those springs with less than 40% differences; Group 2 are those springs with 40 to 70% differences; and Group 3 are those springs with greater than 70% differences. Group 1 includes Golin (S2), Piran (S5), Gharabolagh (S6), Sheshpir (S8) and Berghan (S9) Springs that are characterized by (1) no obvious trend in scatterplots of discharge versus EC values (Fig. 2) ; and (2) same temporal behavior of variograms of discharge and EC values (Figs. 3 and 4) . It would seem that for these springs, spring water may be supported by a large underground karst reservoir. Heavy precipitation events could be damped by this underground reservoir. Accordingly, the temporal behavior of discharge and EC are controlled by the underground reservoir because large precipitation events do not translate into significant discharge increases and EC fluctuations (i.e., sharp increase followed by a significant decrease below the static condition). Small differences between the ranges suggest the possibility of large karst openings that supply spring water. The existence of an underground karst reservoir (or huge solutional conduits) supplying water to Sheshpir Spring (S8) was reported by Raeisi and Karami (1997) . 
ON THE TEMPORAL BEHAVIOR OF KARST AQUIFERS, ZAGROS REGION, IRAN: A GEOSTATISTICAL APPROACH
Concentrated rapid recharge through the sinkholes is the dominant recharge mechanism for Sheshpir Spring (S8). Group 2 includes Sarabgarm (S3), Rijab (S7), Tangkelagari (S11) and Enakak (S14) Springs that are characterized by (1) a positive correlation between discharge and EC values (Fig. 2) ; and (2) periodic structures in the variograms but with different temporal behaviors between discharge and EC (Fig. 3) . This group may belong to a karst system or subsystem that is poorly developed and is dominantly displaced by a piston-flow regime. Previous findings about Enakak Spring (S14) (Keshavarz, 2003) confirm our interpretation of a karst system or subsystem dominated by a piston-flow regime for Group 2. Group 3 includes Gilan Spring (S1), Marab Spring (S4), Morikosh Spring (S10), Atashgah Spring (S12), Shosh Spring (S13) and Ghomp Spring (S15), which are subjected to (1) a negative correlation between discharge and EC values (Fig. 2) ; and (2) different temporal structure in variograms of discharge and EC (Figs. 3 and 4) . We believe this group is supported by a well-developed karst system or subsystem that provides higher discharge values that coincide with lower values of EC. Quick response of the karst system or susbsystem to precipitation events causes different temporal behaviors in variograms of discharge and EC. 
CONCLUSIONS
The time series that describe discharge and EC variations at the springs represent aquifer behavior over the time domain. The application of variogram analysis suggests two temporal behaviors characterize the time series of discharge and EC at springs. These temporal behaviors include periodicity and nugget effect plus one or two temporal structures. For the springs studied here, the periodicity ranges from 100 to 316 days and from 82 to 300 days for variogram of discharge and EC, respectively. The temporal structure in one cyclical period is explored by application of variogram on partial data in a cycle.
Some of the variograms are modeled by double exponential or spherical models which introduce two temporal ranges (i.e., A1 and A2). The short range (A1) can be considered as an indication of water residence time in well-developed karst conduits, while the entire karst system is responsive to the long range (A2). The springs are classified into three groups according to differences between ranges obtained by variograms of discharge and EC that belong to the development of karst in each system. The results obtained in this study confirm previous findings of the study area and provide valuable new findings regarding the temporal structure of the aquifers and additional insights into the karst systems. This research also illustrates how variogram analysis can improve our understanding of karst systems by using time series of physico-chemical parameters. The authors propose the application of variogram analysis on time series of physicochemical parameters as a part of karst spring studies.
